Among the known proto-oncogenes, the cellular myc gene (c-myc) is one of those most frequently implicated in carcinogenesis. Deregulated expression of the structurally unaltered Myc protein is sufficient to drive continuous cell proliferation and programmed cell death in response to growth-promoting and growth-inhibitory signals, respectively. As a regulator of gene transcription, Myc is thought to drive such disparate activities by controlling distinct subsets of target genes. The ability of Myc to trigger apoptosis is key to the control of tumor development. Apoptosis is thought to function as an intrinsic safety mechanism to limit the life of a cell that acquires deregulated c-myc expression, thus preventing further transformation. However, loss of this function through any additional mutation that prevents Myc from triggering apoptosis will promote survival and strongly cooperate with Myc to allow the continued proliferation, mutation, and carcinogenic evolution of the affected clone (4, 5, 12, 18, 19, 25, 27, 37, 47, 49) .
The apoptotic process can be divided into three interdependent phases: induction, decision, and execution. For simplicity, inducers have been categorized as those that trigger apoptosis through death receptor activation (e.g., CD95 and tumor necrosis factor receptor) and those that stimulate apoptosis by a non-death receptor mechanisms (e.g., chemotherapeutic drugs, metabolic inhibitors, and withdrawal of survival factors). The decision phase is largely regulated by the Bcl-2 family of apoptotic regulators, including both pro-and antiapoptotic members. These molecules integrate a wide variety of signaling cascades and, through protein-protein interaction and subcellular localization, determine whether the balance of signals dictates that cell death will proceed or terminate. A hallmark of the execution phase is the activation of caspases and their substrates that essentially dissolve the normal structure and function of a cell while compartmentalizing the remains for noninflammatory clearance and engulfment. Another feature that is sufficient, but not essential, for cell death is the collapse of mitochondrial membrane integrity. The release of mitochondrial constituents such as cytochrome c stimulates a potent execution program involving formation of the apoptosome, activation of downstream caspases, and the subsequent demise of the cell (21, 24, 35, 43) . The capacity of Myc to drive apoptosis was first established under growth-limiting conditions where its deregulated expres-sion was uncoupled from growth factor controls (5, 18) . Following growth and survival factor withdrawal, sustained c-myc expression triggered cells to undergo apoptosis. In addition, an essential role for Myc in T-cell receptor activation-induced apoptosis has been demonstrated in studies using antisense oligonucleotides (52) . Myc is also a critical component of the death signal initiated by tumor necrosis factor and enhances the magnitude of response to stimulation of the CD95/Fas death receptor (15, 28, 29, 34) . In addition to triggering apoptosis during growth factor deprivation, Myc has also been shown to enhance apoptosis induced by hypoxia, glucose deprivation, heat shock, chemotoxins, DNA damage, and cancer therapeutics (3, 26, 53, 56) . Thus, Myc activation can sensitize cells to a wide variety of mechanistically distinct antiproliferative stimuli.
The role of Myc in potentiating apoptosis has led to several models for the mechanism of action (10, 17, 47, 55) . One well-supported model suggests that Myc acts at a common node in the regulatory and effector machinery of apoptosis. In this dual-signal model, Myc alone is not sufficient to induce apoptosis but rather sensitizes cells to apoptotic stimuli that are insufficient or only weakly elicit the full death response. This model is also in agreement with results showing that Myc is essential for the induction of apoptosis by sublethal doses of cytotoxic agents or a block to cell proliferation but is not required in cases where the apoptotic stimulus is independently potent and sufficient to trigger apoptosis. It has been reported that Myc can induce the release of cytochrome c from the mitochondria (8, 30) . However, neither the mechanism by which Myc elicits this response nor the precise step in the pathway activated by Myc has been identified. Thus, Myc is able to act as a sensitizer to numerous disparate triggers of apoptosis, but the mechanism remains unclear.
One of the most potent Myc-cooperating oncoproteins is Bcl-2, which functions as a global inhibitor of apoptosis, likely through multiple mechanisms (2, 24, 48) . Endogenous Bcl-2 is expressed at both the outer mitochondrial membrane and the endoplasmic reticulum (ER) which is contiguous with the nuclear membrane. We have previously shown that apoptosis induced by serum withdrawal in the presence of ectopically expressed Myc can be suppressed equally well by Bcl-2 located at either the mitochondria or ER. By contrast, apoptosis induced by the apoptotic agonist etoposide is inhibited by Bcl-2 targeted specifically to the mitochondria but not the ER. These results show that by assessing the differential protection by organelle-targeted Bcl-2, we can distinguish spatially distinct apoptotic pathways triggered within the same cell. Moreover, these observations raised an important question as to whether the additional ER apoptotic pathway is Myc specific, or whether it is part of the overall apoptotic pathway initiated by serum withdrawal. To investigate whether Myc drives an ERspecific apoptotic pathway, we have examined apoptosis triggered by a variety of stimuli in the presence and absence of Myc, using organelle-specific Bcl-2.
Previous work aimed at addressing the role of Myc in apoptosis has been confounded by the lack of a cell system in which to study apoptosis in the complete absence of Myc. To date, most of the work done in this area has made use of an inducible chimeric MycER protein in the presence of endogenous Myc (references 10, 19, and 47 references therein).
Here, we report the first use of c-myc null cells to determine the rate-limiting step controlled by Myc in apoptosis.
MATERIALS AND METHODS
Reagents. Etoposide, cisplatin, doxorubicin, and taxol (paclitaxol) were purchased from Sigma. C2-ceramide was purchased from Calbiochem Pharmaceuticals.
Cell culture and cell lines. TGR-1 and HO15.19 Rat1 fibroblasts have been previously described (38) . HOMyc3 cells were kindly provided by M. Cole and have also been previously described (7) . The targeted Bcl-2 mutants were constructed as described in reference (58) . cDNAs encoding the different Bcl-2 constructs were subcloned into the retroviral vector pMNiresGFP, which was used to transfect the retroviral packaging cell line Phoenix-Eco. Viral supernatants were used to infect HO15.19 and HOMyc3 cells in the presence of Polybrene (8 g/ml; Sigma) for 18 h. Cells successfully infected were selected by fluorescence-activated cells sorting to collect cells expressing the green fluorescent protein from the internal ribosomal entry sequence within the provirus of infected cells. A minimum of 250,000 cells were collected to constitute final pools of cells expressing the selected constructs. All cell lines were maintained in Dulbecco's H21 medium supplemented with 10% calf serum.
Cell growth and death assays. DNA fragmentation was detected by cell death detection enzyme-linked immunosorbent assay (ELISA) (Roche Biochemicals), which was performed according to the manufacturer's instructions. Briefly, cells were seeded as subconfluent monolayers onto 60-mm-diameter tissue culture dishes and allowed to settle overnight. The following day, medium was replaced with fresh medium containing apoptotic agonist or vehicle control, and cells were further incubated at 37°C and 5% CO 2 until time of assay. Cells were collected, and identical aliquots were further analyzed: one aliquot for cell death detection by ELISA, and a second aliquot that was used to derive cell counts. ELISA readings were normalized according to the cell number tested, and at least 10,000 cells were assayed from duplicate samples in each case. All experiments were done in duplicate and were repeated independently at least twice. Statistical analysis was conducted using the f test to determine whether the data curves for the Bcl-2-expressing cells differed significantly from those derived for control cells. Data curves for cells expressing the mutant Bcl-2 proteins were also compared to those for cells expressing the wild-type version of the protein. Curves were considered significantly different only when P were less than 0.05.
To measure the growth rates of HOMyc3 and HO15.19 cells expressing either empty vector or Bcl-2, 150,000 (HOMyc3) or 53,000 (HO15.19) cells were seeded per well onto six-well dishes. Adherent and nonadherent cells were then collected at the indicated time points and analyzed for cell viability by trypan blue exclusion. Duplicate samples were each counted three times independently to derive standard deviations for each time point.
Immunoblotting. Subconfluent, growing cells were lysed in sample buffer (10% glycerol, 1% sodium dodecyl sulfate, 30 mM Tris-HCl [pH 6.8]), separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and then transferred to nitrocellulose membranes for subsequent immunodetection. Affinity-purified antibodies to rat Bcl-2, human Bcl-2 (Stan), and Bax (␣IDI) (Exalpha Biologicals) were used at dilutions of 1:1,000, 1:10,000, and 1:5,000, respectively, anti-␤-actin antibodies (Sigma) were used at a dilution of 1:10,000, affinity-purified anti-cytochrome c antibodies (Exalpha Biologicals) were used at a dilution of 1:5,000, and anti-poly (ADP-ribose) polymerase (PARP) antibodies (BioMol) were used at a dilution of 1:10,000. Blots were developed after incubation with peroxidase-conjugated secondary antibodies (Amersham), using the Renaissance enhanced chemiluminescence detection system (Mandel).
Cell fractionation. Cells were seeded as subconfluent monolayers onto 100-mm-diameter tissue culture dishes and were treated as above for the ELISA cell death assay. At the indicated time points, cells were harvested using a rubber policeman and then pelleted by centrifugation in a clinical centrifuge for 3 min at 4°C. The cell pellet was washed twice with the cell buffer (250 mM sucrose, 20 mM HEPES [pH 7.5], 2 mM MgCl 2 , 1 mM sodium EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, cocktail of protease inhibitors). The final pellet was resuspended in an equal volume of buffer suspension and held at 150 lb/in 2 for 15 min on ice in a 45-ml nitrogen bomb (Parr Instruments), and cells were disrupted by releasing pressure. The nuclei and cell debris in the expelled lysate were removed by centrifugation at 500 ϫ g for 2 min at 4°C. The resulting supernatant, termed whole-cell lysate, was then split into a cytosolic (S100) and pellet (P100) fraction by centrifugation at 100,000 ϫ g for 1 h in Beckman TLA100 rotor at 4°C. Protein samples were then snap-frozen in liquid nitrogen and stored at Ϫ80°C. Densitometry was performed by phosphorimager analysis using Image Quant software.
Immunofluorescence. Cells were seeded as subconfluent monolayers onto glass coverslips and treated as above for the ELISA cell death assay. Cells were fixed with 4% paraformaldehyde, permeabilized with 0.2% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) in phosphate-buffered saline, and processed conventionally for immunofluorescence. Cells were costained with the conformation-specific Bax antibody 6A7 (1:50 dilution; Exalpha Biologicals) and affinity-purified cytochrome c antibodies (1:750 dilution; Exalpha Biologicals). Cells stained with the 6A7 antibody were counted by two independent observers, using identical stored images of fields of cells generated with Zeiss LSM Image Browser software on the Carl Zeiss LSCM 510 system. The agreement between the two observers for the different conditions varied from 0 to 4.8% (median, 0.9%). Mitotracker staining was performed as described elsewhere (4a). Briefly, after exposure to drug, cells were treated with 150 nM Mitoracker (Molecular Probes). After incubation for 15 min in the dark, fresh medium was added and the cells were incubated for an additional 15 min in the dark. These samples were then processed for immunofluorescence of activated Bax, using 6A7 antibody as described above. For competition experiments, purified 6A7 antibody was incubated in 3% BSA bovine serum albumin-phosphatebuffered saline containing either 5 g of purified Bax glutathione S-transferase (GST), 5 g of GST-Bcl-2, or an equal volume of buffer at room temperature for 1 h prior to staining. This antibody was then used for immunofluorescence as described above.
Bax-GST is a carboxyl-terminal fusion of GST to amino acids 1 to 230 of Bax (plasmid pMAC1045). Gst-Bcl-2 is an amino-terminal fusion of GST to amino acids 1 to 187 of Bcl-2 (plasmid pMAC482). Both proteins were expressed in bacteria under the control of tac promoter and purified on glutathione-Sepharose 4B (Amersham Pharmacia Biotech) according to the manufacturer's protocol.
RESULTS
To compare signaling events and apoptotic pathways induced by different antiproliferative agents in the presence or absence of Myc, we used HO15.19 and HOMyc3 cell lines. HO15.19 cells are derived from an immortalized Rat1 fibroblast cell line, TGR-1, in which both alleles of the c-myc gene have been knocked out by homologous recombination (38) ; HOMyc3 cells are a c-myc null cell line in which an exogenous c-myc allele was stably introduced by retroviral infection (7). Retrovirus-containing human Bcl-2 constructs in which the C-terminal insertion sequence of the native protein has been replaced with the C-terminal insertion sequences of proteins expressed at either the mitochondria or the ER (as described previously [58] ) were used to infect the TGR-1, HO15.19, and HOMyc3 cells. Selection of these infected cells resulted in the generation of pooled cell populations expressing empty vector, wild-type Bcl-2, Bcl-acta (targeted to the mitochondria), or Bcl-cb5 (targeted to the ER). These cells permit the evaluation of signaling events and apoptotic pathways induced by different agents in the presence or absence of Myc in the same genetic background.
To verify and compare levels of Bcl-2 protein in the stably infected TGR-1, HO15.19, and HOMyc3 cell lines, protein extracts from subconfluently growing cells of each population were isolated for immunoblot analysis using an antibody specific to the exogenous human Bcl-2 protein (Fig. 1A) and endogenous rat Bcl-2 protein (Fig. 1B) as well as ␤-actin as a loading control. Immunoblot analysis showed that levels of relative ectopic Bcl-2 protein in each cell line were comparable and that the levels of the endogenous protein were not significantly different in any of the derived cell lines. Immunofluorescence and confocal microscopy demonstrated that the different Bcl-2 variants were correctly targeted in these cells as previously described (58) (data not shown).
Spatially distinct apoptotic pathways are triggered in the presence of ectopic Myc. To screen a number of apoptotic agents for their antiproliferative effect on Rat1 fibroblast cells, we used the reduction of the tetrazolium salt 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT assay). Five disparate apoptotic agonists (etoposide, taxol, ceramide, doxorubicin, and serum withdrawal) were chosen for further study, as they induced dose-dependent death responses that were inhibited by Bcl-2 in the Rat1 fibroblasts (data not shown). We then measured apoptosis using an ELISA for cellular DNA fragmentation in TGR-1, HO15.19, and HOMyc3 cell lines expressing the targeted Bcl-2 constructs after exposure to low, intermediate, or high doses of these stimuli.
After one cell cycle, both the TGR-1 and the c-myc-reconstituted cells (HOMyc3) underwent apoptosis in a dose-dependent manner that was inhibitable by Bcl-2 ( Fig. 2A and B) . Moreover, apoptosis was differentially inhibited by Bcl-2 targeted to specific subcellular locations. Consistent with our previous results, both Bcl-acta and Bcl-cb5, as well as Bcl-2, abrogated apoptosis induced upon serum withdrawal with equal efficacy. Interestingly, only Bcl-2 and Bcl-acta efficiently inhibited etoposide-induced apoptosis. Doxorubicin-induced apoptosis, like that induced by etoposide, was not inhibited by Bcl-cb5 yet was protected by Bcl-2 and Bcl-acta. By contrast, taxol-and ceramide-induced death was inhibited by Bcl-cb5 as well as Bcl-2 and Bcl-acta. As expected, HOMyc3 cells, which express an activated c-myc allele, showed higher levels of DNA fragmentation than the TGR-1 parental cells upon exposure to the same concentrations of apoptotic stimuli. However, the VOL. 21, 2001 Myc IS ESSENTIAL FOR Bax ACTIVITY DURING APOPTOSIS 4727 pattern of Bcl-2 protection did not alter despite higher levels of apoptosis in the presence of deregulated Myc expression. From these data, spatially distinct apoptotic pathways can be characterized as either Bcl-cb5 refractory or Bcl-cb5 inhibited, both of which can be potentiated by Myc. Moreover, Myc is not universally associated with an ER-specific apoptotic pathway (Fig. 2B) . Interestingly, Bcl-acta was effective against all stimuli tested, suggesting a convergence point at the mitochondria for apoptotic signaling in the presence of Myc. To determine whether Myc was critical to any one apoptotic pathway, and to further delineate the role of Myc in apoptosis induced by different agonists, we induced apoptosis in the c-myc null cells (HO15.19) expressing the targeted Bcl-2 constructs. HO15.19 cells were exposed to the same stimuli used above but for 54 h, to accommodate one cell cycle in these more slowly dividing cells (38) . The levels of apoptosis observed in vector control cells or in cells expressing Bcl-2, Bclacta, or Bcl-cb5 in response to different agonists were indistinguishable and not statistically different (Fig. 2C) . These results suggested that the extent of apoptosis induced by these stimuli after one cell cycle in HO15.19 cells may not have been sufficient to distinguish the protective effects of Bcl-2. To achieve levels of apoptosis which were comparable to the death seen in HOMyc3 cells, we assayed for apoptosis in HO15.19 cells over an extended time course.
Time course experiments were performed using intermedi- ate doses of either etoposide or taxol (Fig. 3) , and apoptosis was further visualized and quantified by photomicrography (Fig. 4) and time-lapse cinematography as well as trypan blue exclusion (data not shown). Etoposide and taxol were used as examples of Bcl-cb5-refractory and -susceptible pathways, respectively. Upon exposure of HOMyc3 cells to either etoposide or taxol over an extended time course, maximum detectable apoptosis was achieved after 24 h. However, Bcl-2 was able to suppress apoptosis by approximately 50% (Fig. 3A) . When HO15.19 cells were exposed to the same concentrations of taxol or etoposide, the levels of apoptosis at 96 h were equivalent to levels seen in the HOMyc3 control cells at 18 h (Fig.  3 and 4) . However, statistical analysis of the kinetic curves showed no significant difference between the response of the HO15.19 control or HO15.19 Bcl-2 cells to either agonist (Fig.  3B) . By contrast, concomitant analysis shows that ectopic Bcl-2 expression does not affect cell growth of either HO15.19 or HOMyc3 cells (Fig. 4 and 5) . Thus, an indirect affect on cell growth could not account for the lack of Bcl-2 inhibition in HO15.19 cells induced to undergo apoptosis.
To confirm the apoptotic nature of the cell death occurring in the c-myc null and c-myc-reconstituted cells by an independent assay, we assayed for cleavage of the caspase substrate PARP in response to either taxol or etoposide. PARP cleavage was clearly observed at 12 h after exposure to either agonist in HOMyc3 cells and after 48 h exposure to taxol or etoposide in HO15.19 cells (Fig. 6) . These results are consistent with time points at which DNA fragmentation was also observed in these cells by ELISA. As an additional measure of apoptosis, cells that had been exposed to an intermediate dose of each agonist were fixed and stained with 4Ј, 6Ј-diamidine-2-phenylindole dihydrochloride (DAPI). In all cases, the treated cells exhibited typical apoptotic morphologies: condensed chromatin, membrane blebbing, and nuclear fragmentation (data not shown). Therefore, in cells with ectopic Myc expression, mechanistically different apoptotic stimuli induce a rapid cell death by pathways that are spatially distinct and inhibited by Bcl-2. By contrast, in c-myc null cells, these agents elicit apoptosis, but cell death occurs more slowly and is not inhibitable by Bcl-2. As Bcl-2 is not effective, we cannot determine if these pathways remain spatially distinct in the absence of Myc.
Myc is required for release of cytochrome c from mitochondria during apoptosis. When Myc is expressed, Bcl-2 targeted specifically to the outer mitochondrial membrane is able to inhibit apoptosis induced by all agonists tested. The mitochondria are key regulators and amplifiers of the apoptotic response, and the release of cytochrome c from the mitochondria is a feature of apoptosis induced by many stimuli (22) . Cytosolic cytochrome c plays a central role as a component of the apoptosome and forms a proapoptotic complex with Apaf-1 and caspase 9 to stimulate the effector caspase cascade. Moreover, in Rat1 fibroblasts with inducible ectopic expression of MycER, the release of cytochrome c is increased after exposure to several different apoptotic stimuli (30) . To determine whether differences in this mediator of apoptosis were evident in HOMyc3 and HO15.19 cells, we investigated the release of cytochrome c by subcellular fractionation of cells disrupted by low-pressure nitrogen cavitation. This method offers benefits VOL. 21, 2001 Myc IS ESSENTIAL FOR Bax ACTIVITY DURING APOPTOSISover other homogenization procedures, as cells lysed by cavitation in iso-osmotic buffer retain intact outer mitochondrial membranes (1). The cytosolic and membrane fractions (S100 and P100, respectively) from HOMyc3 and HO15.19 cells were analyzed by immunoblotting with affinity-purified antibodies to cytochrome c to assess the extent of cytochrome c release and with antibodies to Hsp60 as a mitochondrial marker and an indicator of the integrity of the inner mitochondrial membrane (Fig. 7) . In untreated cells, cytochrome c was found in the membrane fraction, whereas after exposure of c-myc-reconstituted cells (HOMyc3) to either etoposide or taxol, cytochrome c was detected in the cytosolic fractions as early as 6 h after drug addition. However, in parallel experiments performed in the c-myc null cells (HO15.19), cytochrome c remained in the membrane fraction and was not detected in the cytosolic fractions even at later time points when PARP cleavage and DNA fragmentation were clearly detectable (Fig. 7A) . Therefore, we have established that Myc expression is essential for the release of cytochrome c during apoptosis triggered by disparate apoptotic stimuli, consistent with previous reports that the induction of MycER enhances cytochrome c release by these agents (8, 30, 32) . Myc is not required for Bax translocation to membranes during apoptosis. Although a role has been previously ascribed to Myc in the release of cytochrome c, no clues about mechanism have been forthcoming. Another critical feature of many apoptotic pathways previously linked to cytochrome c release is the translocation of Bax from the cytoplasm to the mitochondria, where it becomes inserted into the outer membrane (23, 33) . It has been suggested that Myc may directly regulate Bax expression through binding to E-box elements in the promoter region of the Bax gene (40, 41) . To address whether Myc was influencing mitochondrial events during apoptosis through a direct regulation of this proapoptotic molecule, total RNA was extracted from asynchronously growing cells, and the relative amount of Bax mRNA was determined. No significant differences in Bax transcript levels were detected in either the c-myc-null or c-myc-reconstituted cell lines compared to the parental TGR-1 cells (data not shown). Next, to examine whether Myc played a role in the up-regulation of Bax protein expression during apoptosis, the relative levels of Bax protein were compared in HO15.19 and HOMyc3 cells exposed to either etoposide or taxol. No differences in Bax protein expression were detected in either the presence or absence of Myc (Fig. 8) . Together, these data suggest that Myc expression does not alter the expression profile of Bax during growth or apoptosis in these cells.
Translocation of Bax to the mitochondria and subsequent membrane insertion has been reported to induce cytochrome c release by the creation of a membrane pore or by altering the normal function of other preexisting mitochondrial pores (6, 16, 46) . To determine whether the persistence of cytochrome c in mitochondria during apoptosis in c-myc null cells was due to a defect in Bax translocation, membrane and cytosolic protein fractions, as described for Fig. 7 , were probed with a Baxspecific antibody (Fig. 9A) . Although Bax was clearly in the cytosolic fractions of both untreated HO15.19 and HOMyc3 cells, after exposure to either etoposide or taxol, Bax was detectable in the membrane fractions of both cell types, indicating Bax translocation to membranes of both cell types in response to apoptotic agonists. The percentage of total Bax which relocalized to the membrane fraction during apoptosis was determined by densitometry of data from two independent FIG. 7. Myc is essential for cytochrome c release. HOMyc3 and HO15.19 cells were exposed to either 0.5 M taxol or 6 M etoposide for the indicated times, and then cell lysates were prepared by nitrogen cavitation. W, whole-cell lysate after cavitation and removal of cell debris. Cytosolic proteins are in the supernatant fraction (S 100 ), and membrane-associated proteins including mitochondrial proteins are in the pellet fraction (P 100 ). Ten micrograms of whole-cell lysate and equivalent volumes of each fraction were analyzed by immunoblotting for cytochrome c (A) and Hsp60 (B).
FIG. 8.
Myc expression does not alter the expression profile of Bax during growth or apoptosis. HOMyc3 and HO15.19 cells were exposed to either 6 M etoposide or 0.5 M taxol, and protein was isolated at 18 h (HOMyc3) or 96 h (HO15.19) . Bax was detected by immunoblot analysis using a Bax-specific antibody. Blots were also probed for ␤-actin as a control for equal protein loading between lanes. VOL. 21, 2001 Myc IS ESSENTIAL FOR Bax ACTIVITY DURING APOPTOSISexperiments and shown to be on average 25.6 and 34.4% in HOMyc3 cells and 39.5 and 40.1% in HO15.19 cells in response to taxol and etoposide (Fig. 9B) . Therefore, regardless of the Myc status in the cell, Bax is translocated to the mitochondria in response to different apoptotic agonists. Nevertheless, cytochrome c is released only in cells expressing exogenous Myc (Fig. 7A ). This result suggests that Myc contributes to cytochrome c release downstream of Bax translocation. Myc is required for activation of Bax. Previous reports have suggested that translocation to the mitochondria and activation of Bax are regulated by a change in conformation that allows membrane integration via its insertion sequence (14, 23) . The change in Bax conformation necessary for activation is detectable using the conformation-specific antibody 6A7 (42) . Our observation in HO15.19 cells that cytochrome c release does not occur, despite translocation of Bax to mitochondria, demonstrates that translocation of Bax may not be synonymous with its activation. To determine if the latter process was regulated by Myc expression, we assessed Bax activation in HOMyc3 and HO15.19 cells after exposure to etoposide or taxol, using the 6A7 antibody, by confocal microscopy (Fig.  10) . In addition, cells were costained with antibodies to cytochrome c to assess its release into the cytoplasm. To use the 6A7 monoclonal antibody to assess Bax conformation, it is necessary to permeabilize cells with CHAPS, as other detergents induce conformational changes in Bax that expose the 6A7 epitope. When cells are permeabilized with CHAPS, staining of cytochrome c in the cytosol is intense and clearly evident, while staining of cytochrome c in mitochondria is less intense. This is likely a consequence of inefficient permeabilization of mitochondria by CHAPS, as equivalent intensity of cytochrome c staining is evident in both the mitochondria and cytosol with other detergents (data not shown). Thus, permeabilization with CHAPS and subsequent staining allows for the simultaneous detection of Bax activation and cytochrome c release into the cytoplasm.
After exposure to either drug, a proportion of HOMyc3 cells were 6A7 positive, and only these cells showed evidence of cytochrome c release (Fig. 10A) . The number of 6A7-positive cells was substantially greater in HOMyc3 cells exposed to either etoposide or taxol compared to untreated controls (Fig.  10B) . At 18 h, 18 and 24% of HOMyc3 cells were 6A7 positive in response to taxol and etoposide, respectively. As this analysis can be conducted only on cells that are still adherent, and many of the HOMyc3 cells have detached from the dish at this time, these figures are relatively low estimates of proportion of cells with activated Bax. By contrast, we were we not able to detect 6A7-positive HO15.19 cells above background in taxolor etoposide-treated cells, nor did we observe cytochrome c release in the HO15.19 cells, consistent with results obtained after cell fractionation and immunoblotting (Fig. 7A) . Similar experiments using the 6A7 antibody in combination with Mitotracker, a mitochondrion-specific fluorescent dye, showed localization of activated Bax at the mitochondria (Fig. 11, top) . The specificity of the 6A7-activated Bax interaction was confirmed by competition experiments with active-conformation Bax-GST fusion protein (Fig. 11, bottom) . Pretreatment of 6A7 antibody with recombinant Bax-GST fusion protein was able to overide endogenous activated Bax-6A7 interactions. By contrast, recombinant GST-Bcl-2 was unable to bind and compete with 6A7 antibody for interaction with activated endogenous Bax protein (data not shown). We can conclude that 6A7 binds specifically to activated Bax in these cells. Taken together, these results show that Myc expression is necessary for VOL. 21, 2001 Myc IS ESSENTIAL FOR Bax ACTIVITY DURING APOPTOSIS 4733 the activation of Bax during apoptosis but is not required for the translocation of Bax to the mitochondria. Moreover, Bax translocation occurs prior to and is independent of the conformational change detected by the 6A7 antibody.
DISCUSSION
First, our data demonstrate that spatially distinct apoptotic pathways triggered by a variety of stimuli can be inhibited by Bcl-2 and Bcl-acta and can be further characterized as susceptible or refractory to inhibition by Bcl-cb5. Apoptotic cascades stimulated by serum withdrawal, taxol, and C2-ceramide can be blocked by Bcl-cb5. By contrast, apoptosis in response to etoposide and doxorubicin stimulates a Bcl-cb5-refractory pathway. Interestingly, upon constitutive expression of Myc, apoptosis is potentiated, as expected, yet the pattern of Bcl-cb5 protection does not alter. As the activity of Bcl-cb5 does not partition with ectopic Myc expression in a global manner, Myc does not universally drive an apoptotic pathway that is associated with the ER. Consistent with these results, we did not see differences in ER-regulated pH or calcium concentrations in the presence or absence of Myc expression (S. Grinstein, K. Szaszi, E. L. Soucie, and L. Z. Penn, unpublished data). While the mechanisms of ER-regulated apoptosis and inhibition by Bcl-2 at this subcellular location are of interest, our data suggest that the role of Myc in apoptosis lies downstream at a position more central to both Bcl-cb5-sensitive and -refractory pathways.
Our analysis with the Bcl-2-targeted molecules clearly showed that apoptosis triggered in the presence of Myc expression by all agonists tested was universally inhibited by Bcl-acta, suggesting that Myc plays a role in the regulation of apoptosis at the level of the mitochondria. This is consistent with accumulating evidence suggesting that Myc action is focused at a common mitochondrial signaling element of many apoptotic pathways. Indeed, we show that Myc is essential for cytochrome c release from mitochondria in response to mechanistically distinct chemotherapeutic agents. These observations extend recent reports indicating that induction of MycER potentiates the release of cytochrome c following serum deprivation (8, 30, 32) . Moreover, our analysis of the upstream processes that lead to cytochrome c release reveals that Bax translocation and activation are uncoupled, and the latter is dependent on Myc expression. To date, Bax translocation has been synonymous with activation; however, these events can be independently regulated, and Myc is required for Bax activation in conjunction with an apoptotic stimulus.
The lack of Bax activation in HO15.19 c-myc null cells likely accounts for the absence of cytochrome c release, as activated Bax has been shown to regulate this critical step in the control of apoptosis (14, 16, 31) . Numerous mechanisms of Bax activation and cytochrome c release have been proposed, including Bax oligomerization, activation of an independent or preexisting mitochondrial pore, or a novel protein-protein interaction. Myc may directly activate Bax after both proteins translocate to the mitochondria in response to apoptotic stimuli. A similar mechanism has recently been described for the nuclear orphan receptor TR3/Nur77, another transcription factor that can induce apoptosis through the release of cytochrome c (36) . Alternatively, Myc may indirectly control Bax activation and cytochrome c release, perhaps by regulating an upstream activator of Bax. Interestingly, during revision of this report, it was reported that apoptosis induced by serum withdrawal in the presence of deregulated Myc expression was deficient in Baxnull mouse embryo fibroblasts (40) . This work further supports our data showing that Bax is critical for Myc potentiation of apoptosis. Further analysis of the c-myc null cell system is needed to identify the rate-limiting step controlled by Myc in the sensitization of cells to diverse apoptotic stimuli.
Analysis of this system shows that Bax expression is not directly regulated by Myc at the level of either mRNA or protein. Identification and verification of endogenous Myc target genes essential for apoptosis has been a slow and difficult process, due in part to the ubiquitous nature of Myc expression. A definitive all-or-none c-myc null cell system to address the identity, function, and regulation of Myc target genes has not been available. Both c-myc and N-myc knockout mice are embryonic lethal at approximately day 10, and mouse embryo fibroblasts null for myc expression cannot be derived (9, 13, 54) . This major obstacle has been overcome through the development of the Rat1 somatic cell knockout system (38) . This novel experimental tool has already had a significant impact on the field (7, 39, 44, 57) . Comparison of c-myc null cells and null cells reconstituted with an exogenous allele of c-myc has been instrumental in distinguishing the putative Myc-regulated genes that are indeed dependent on Myc for regulation (7, 44) .
Moreover, it is thought that the Myc-regulated growth and death program can be uncoupled and that Myc regulates unique subsets of genes which in turn mediate these disparate activities (11, 20, 45) . Clearly, this system will likely be instrumental in both identifying and verifying Myc-regulated genes critical for apoptosis.
The characteristics of apoptotic pathways that we have identified in HO15. 19 and HOMyc3 cells are reminiscent of the two types of response that have been recently described for CD95 signaling (50, 51) . In type I cells, where the components of the death-inducing signaling complex are not limiting, direct activation of downstream effector caspases by caspase 8-mediated cleavage is sufficient to induce apoptosis. This apoptosis is not blocked by Bcl-2. In type II cells, death receptor signaling to effector caspases through direct means is insufficient, and therefore a mitochondrial amplification loop that involves caspase 8 cleavage of Bid, Bax activation, and cytochrome c release is required. Our results parallel these observations; in the absence of Myc, cells undergo apoptosis by a type I-like, Bcl-2 noninhibited mechanism, whereas in the presence of Myc, a mitochondrion-dependent, Bcl-2-inhibited type II-like cell death is evident. Further investigation into the nature of this Myc-independent pathway is required, as it points to an alternative apoptotic pathway which is able to circumvent downstream signaling events at the mitochondria.
Our data further support the dual-signal model, as we show that Myc is essential but not sufficient for Bax activation, cytochrome c release, and apoptosis induction. Both Myc expression and a growth-inhibitory signal are required to trigger cell death. Our hypothesis is that Myc derepresses at least one level of apoptotic control, removing a rate-limiting event in the regulation of apoptosis and rendering cells more competent to die in response to a diverse set of stimuli. Our work shows that Myc likely regulates a common point of control, despite the diversity of signaling cascades with which it can collaborate to trigger apoptosis. We show that point of control to be at the level of Bax activation. This is consistent with previous reports showing Bcl-2 cooperates strongly with Myc in tumorigenesis, as it is a potent inhibitor of Myc-regulated apoptosis. Indeed, other inhibitors of Myc-stimulated apoptosis, such as insulinlike growth factor and Akt/protein kinase B, also function through a mechanism that targets Bcl-2 activity or cytochrome c release (20, 26, 30, 32) . Together, these observations further support our data showing that Myc regulation of apoptosis is focused at the mitochondria and controls an apoptotic amplification step by regulating Bax activation.
